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Abstract 7 

Polymersomes have gained a lot of attention in recent years. Their compartmentalized, 8 

hollow nature, stability and ability to transport both hydrophilic and hydrophobic cargo has made 9 

them attractive for increasingly complex applications in various fields of biomedicine, catalysis 10 

and diagnostics. Progress in these fields would therefore benefit from improvements in 11 

polymersome functionality. Recently, morphological control of polymersomes, namely the 12 

fabrication of various non-spherical morphologies, has emerged as a means to enhance the 13 

usefulness of the polymersomes. In the present review, we highlight the most topical trends in 14 

that field and how these developments and the newly acquired knowledge about their nature can 15 

be leveraged towards applications.  16 

1. Introduction: shape control is important 17 

Over the last few decades, biomimetism has inspired new approaches to solving modern-18 

day problems, providing innovative answers to many fields ranging from aerospace, textiles to 19 

biomedicine.1-3  The improved understanding of the biological processes governing cell 20 

homeostasis and function has unlocked a whole host of solutions in drug delivery, theranostics 21 

and bioimaging. Unsurprisingly, the field of cell biomimicry has rapidly grown, yielding 22 

technologies for advanced therapeutics and diagnostics.4 Liposomes, hollow capsules of self-23 

assembled phospholipids, and more recently, polymersomes, their polymer analogs have fueled 24 

this growth.5 Owing to their stability, tunable molecular weights and tailorable functionalities,6 25 

polymersomes have offered enhanced versatility over their lipid counterparts. The variety of 26 

block copolymer systems used to prepare polymersomes has grown unabated, leading to 27 

applications as drug delivery agents,7 nanoreactors,8 and even as cellular models.9  We encourage 28 

the reader to explore some of the following comprehensive reviews to get a broad idea about 29 

these developments and applications.10-13   30 

On the heels of these rapid developments, efforts have now shifted towards on-demand 31 

shape control beyond their thermodynamically preferred spherical morphology. In nature, shape 32 

plays an important role in the functionality of the cell and its organelles.14 This shape-related 33 

functionality is either inherent, as in the discocyte morphology of healthy red blood cells to 34 

maximize oxygen-carrying capacity,15,16 or induced by a stimulus, as for leukocytes during 35 

phagocytosis.17 In polymersome applications, De Lazaro et al. showed that shape influences 36 

pharmacokinetics, endocytosis and nanoparticle circulation times,18 with tubular and rod-like 37 
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structures exhibiting better endothelial targeting properties compared to spheres. Polymersome 1 

shape control, therefore, constitutes an important topic worthy of our attention.  2 

 In this mini review, we briefly discuss the self-assembly process and the conditions that 3 

lead to the formation of traditional polymersomes. The metastable equilibrium state accessed by 4 

non-spherical morphologies can be induced during the assembly process, or after assembly 5 

through manipulating conditions in their milieu or changing the polymer architecture. We 6 

highlight some of the strategies that have been recently used to fabricate non-spherical 7 

polymersomes and we also discuss some of the advances towards applying these non-spherical 8 

polymersomes in biomedicine.  9 

2. Self-assembly and polymersome formation 10 

Polymersomes belong to a continuum of different constructs formed upon self-assembly 11 

of amphiphilic block copolymers. In general, the packing parameter, p, dictates the morphology 12 

of the self-assembled construct at thermodynamic equilibrium (Figure 1). This packing 13 

parameter roughly corresponds to the volume fraction of the hydrophilic component of the block 14 

copolymer, f and in most reports, the value of f is often used to predict self-assembled 15 

morphologies. By and large, 0.35<f<0.45 leads to the formation of vesicles while, at larger f, 16 

spherical and/or worm-like micelles dominate.10 Evidently, these boundaries are empirical and 17 

other factors, such as charge density or glass transition temperature (Tg), affect the ability of the 18 

system to reach thermodynamic equilibrium and therefore alter the resulting morphology. For 19 

example, glassy block copolymer systems often require a lower hydrophilic composition to form 20 

polymersomes compared to soft polymers. This behavior is likely the result of the inability to 21 

reorganize as easily for glassy, less flexible blocks compared to softer, rubbery systems.19 Over 22 

the last two decades, a number of reviews have shed more light on polymersome formation, and 23 

the influence of factors such as solvent or polymer dispersity on polymersome formation.20-23  24 

 25 

Figure 1. Schematic illustration showing the self-assembled morphologies formed from the self-26 

assembly of amphiphilic block copolymers. The packing parameter, p, determined by the volume 27 
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of the hydrophobic chain (ν), the optimal area of the hydrophilic block (a0), and the length of the 1 

hydrophobic chain (lc), is responsible for the final morphology observed at the thermodynamic 2 

equilibrium. 3 

3. Current trends in non-spherical polymersome fabrication 4 

Even though the spherical morphology is the most thermodynamically preferred 5 

configuration, polymersomes can also exist in several different morphologies just like their lipid 6 

bilayer counterparts. Because of the non-equilibrium nature of these morphologies, they often 7 

only exist as transient species, making them difficult to isolate. While simulations predict a 8 

plethora of morphologies, only a small (but rising) number of these non-spherical construct has 9 

now been isolated. In this section, we highlight some of the common methods in use to obtain 10 

stable non-spherical morphologies of polymersomes. 11 

3.1. Vesicle fusion 12 

In cells, membrane fusion is an important process necessary for tissue growth and 13 

repair.24 For example, the fusion of bone marrow adult stem cells circulating in the blood stream 14 

and different cells allows for regeneration of different tissue cells.25,26 Likewise, the fusion of 15 

liposomes and polymersomes occurs via a gradual transformation through 8- or dumbbell-shaped 16 

intermediates then oblate constructs before finally forming a spherical morphology.27 Recently, 17 

the kinetic trapping of these intermediates has transpired as a viable route towards non-spherical 18 

polymersomes. Varlas et al. reported the formation of tubular polymersomes, or tubesomes 19 

(Figure 2a), from the fusion of unilamellar vesicles via ring-opening metathesis polymerization-20 

induced self-assembly (ROMPISA).28 In their earlier ROMPISA work using a polyamine-based 21 

hydrophilic block, they observed that the resulting self-assembled structures had a positive 22 

charge that resulted in interparticle repulsion impeding fusion.29 They consequently resorted to 23 

using a ‘neutral’ PEG-norbornene-based stabilizer and successfully demonstrated vesicle fusion 24 

that resulted in the formation of larger vesicles (Figure 2b). More importantly, they observed that 25 

beyond a critical degree of polymerization (DPn) of the core-forming PEG-norbornene, the 26 

fusion of the spherical vesicles led to the formation of tubesomes. The growth of the tubesomes 27 

followed a step-growth fashion. Furthermore, by using Förster resonance energy transfer pairs, 28 

they confirmed that these new morphologies were a direct consequence of fusion.  29 
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 1 

Figure 2. (a) A schematic representation of the formation of tubesomes via ROMPISA. (b) The 2 

synthetic route towards the formation of the diblock copolymers that yielded the tubular 3 

polymersomes. Reproduced with permission.28 Copyright 2019, American Chemical Society. (c) 4 

A schematic illustration of the evolution of tetrapod polymersomes accompanied by their 5 

corresponding SEM images. Reproduced with permission.30 Copyright 2020, American 6 

Chemical Society. 7 

Similarly, Xiao and Du recently reported the use of vesicle fusion to form multi-pod 8 

polymersomes using a poly(ethylene oxide)113-b-poly[(4-(4,4,5,5-tetramethyl-1,3,2-9 

dioxaborolan-2-yl)benzyl methacrylate)61-stat-(2-(diethylamino)ethyl methacrylate)23] block 10 

copolymer (Figure 2c).31 First, they demonstrated the formation of spherical polymersomes upon 11 

self-assembly of their diblock in a DMF/water (1/2, v/v) mixture. Upon increasing water content, 12 

the polymersomes fused. Most interestingly, unlike the work of Varlas et al. above, this fusion 13 

led to the formation of distinct pod-like morphologies (Figure 2c, SEM). They observed the 14 

fusion of their vesicles into dipods, tripods, and, at the highest water content, tetrapod 15 

morphologies. These tetrapods exhibited exemplary stability for over one year. More excitingly, 16 

they also observed that the tetrapod vesicles showed better cell internalization efficiency 17 

compared to micellar structures from the same block copolymer. When separate solutions of the 18 

Nile Red labeled tetrapod vesicles and micelles were incubated with L02 cells over three hours, 19 

confocal laser scanning microscopy images of the former showed a significantly higher 20 

fluorescence than the micelles.   21 

3.2 Shape transformation 22 



5 
 

Perhaps the bulk of the results for non-spherical vesicle morphologies have been via the 1 

shape transformation of already-assembled spherical polymersomes. Significant contributions 2 

based on this mechanism have been made by the Wilson and van Hest groups. Since their early 3 

report on the formation of stomatocytes (concave-shaped vesicles as shown in Figure 3) from 4 

polymersomes that were self-assembled from PS-b-PEG diblock systems,32 they have gone on to 5 

produce multiple reports. To achieve this, they have used an approach based on intentionally 6 

altering the membrane curvature based on the area-difference elasticity (ADE) theory in glassy 7 

polymers.33,34 According to the ADE theory, the changes in volume for the inner compartment of 8 

the vesicle are the main driving force towards the transformation of the vesicle shape.33 This 9 

decrease in inner compartment volume leads to the transformation of vesicles from spherical 10 

morphologies to ellipsoids and stomatocytes  which can also fuse to form nested vesicles.16 As 11 

equation 1 below shows, the energy of the fluid vesicle membrane is influenced by bending 12 

rigidity (κ), the membrane curvature (C), and a spontaneous curvature (C0) which can be 13 

changed by asymmetry in the membrane bilayer. Inducing stimuli such as osmotic pressure 14 

differences and concentration gradients between the vesicle interior and its surrounding 15 

environment therefore lead to an area mismatch and shape transformation. These transformations 16 

have been observed in multiple liposome and polymersome systems and are known to be 17 

temporary, quickly transitioning back into the thermodynamically preferred spherical 18 

shapes.16,35,36 van Hest and Wilson’s groups observed that by using glassy or high Tg polymers, 19 

they can kinetically trap these different morphologies by quenching vesicles in water while they 20 

are undergoing these transitions.  21 

Ὁ
‖

ς
ςὅ ὅ Ὠὃ 22 

3.2.1 Osmotic pressure and concentration gradients 23 

In their pioneering paper, Kim et al. used a solvent injection technique to fabricate 24 

polymersomes using a combination of the organic mixture of THF/dioxane and water before 25 

dialyzing the vesicles against deionized water over two days.32 As the organic solvent exited the 26 

vesicle interior, the membrane became more rigid and impermeable to water, decreasing the 27 

inner compartment volume and forming stomatocytes (Figure 3). They have since extended this 28 

approach with the use of the biodegradable poly(D,L-lactide) as the hydrophobic block and the 29 

use of salt solutions to tune the shape transformations.  30 
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 1 

Figure 3. Shape transformation of polymersomes during dialysis of organic solvents (dark red 2 

spheres) against water (blue spheres) through a solvent-swollen bilayer membrane (paths 1−3). 3 

Shape change also results in prolate formation, depending on the architecture of the block 4 

copolymers (path 4). Direct quenching yields spherical polymersomes. Inset: Cryo-TEM image 5 

of a stomatocyte. Figure and caption adapted with permission.32 Copyright 2010, American 6 

Chemical Society. 7 

Over the last few years, the van Hest and Wilson groups have invested much work in 8 

understanding these glassy polymersome transformations and exploring their responses to 9 

various changes in environment and polymer functionality. For example, Men et al. showed that 10 

by using different ions in solution, they could tailor the shapes of the polymersomes using the 11 

Hofmeister effect (how the nature of different salts can alter the solubility of polymers and other 12 

molecules in solution).37,38 Ridolfo et al. extended the dialysis method to charged systems by 13 

using polymersomes containing amine and carboxylic acid chain ends. They observed that the 14 

salt concentrations used to induce the final shape-transformed morphology depended on both the 15 

charge of the polymer and the salt concentration.39  Similarly, Che et al. observed that by 16 

attaching an azide functionality to the PEG side in PEG-b-PS diblocks, the vesicles underwent 17 

shape transformation from spherical to stomatocytes and eventually hexagonally-packed hollow 18 

hoops when they were dialyzed against NaCl solutions.40 The final morphologies were 19 

determined by the concentration of the NaCl solution used during the dialysis. Pijpers et al. also 20 

reported a comprehensive study on the effect of both organic solvent ratios (using dioxane and 21 

THF) and salt concentrations in the shape transformation of vesicles of polymersomes from 22 

PEG-b-PDLLA.41  23 
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 1 

Figure 4. (a) A phase diagram of morphologies that can be obtained based on a combination of 2 

PEG concentration and the water content used during the self-assembly process. (Insets) TEM 3 

images of ellipsoids, tubes and stomatocytes morphologies observed from the shape 4 

transformation. Reproduced with permission.42 Copyright 2019, American Chemical Society. (b) 5 

Illustration of the formation of faceted polymersomes. TEM images show the morphologies at 6 

each stage of the formation process. Reproduced with permission.43 Copyright 2019, Royal 7 

Society of Chemistry 8 

Recently, Men et al. demonstrated that a low concentration of a PEG (2000 g/mol) 9 

solution could be used to rapidly transform polymersomes (in less than two minutes), into a 10 

range of kinetically trapped nonequilibrium morphologies such as ellipsoids, tubes and 11 

stomatocytes.42 The PEG created a low osmotic pressure over the polymersome membrane, 12 

which led to the shape transformation of the polymersomes. They have even created a 13 

morphological phase diagram (Figure 4a) showing how each of these morphologies could be 14 

achieved by varying the water composition and PEG concentration. When these nonequilibrium 15 

morphologies were left to equilibrate over a period of 30 days, Men et al. observed that these 16 

morphologies slowly reach a metastable state, which is also determined by factors such as water 17 

composition and the PEG concentration. 18 

A similar approach using this osmotically induced shape-transformations has utilized 19 

liquid-crystal polymers, where removal of the organic solvent after assembly allows the liquid 20 

crystalline polymers to realign, changing the vesicle shape. Such an approach has been used by 21 

Wong et al. with fascinating results. Using diblock copolymers with perylene diester monoamide 22 

side chains poly(ethylene glycol)-block-poly(N-isopropylacrylamide-co-perylene diester 23 

monoimide),44 they observed that removal of the organic solvent resulted in shape-change into 24 

ellipsoidal and tubular polymersomes. Building upon this work, they doubled the perylene 25 

monoamide monomer composition in their hydrophobic block, thereby increasing the block 26 

rigidity. They observed the formation of polyhedral polymersomes (Figure 4b) driven by the 27 

perylene aggregation.43  28 

3.2.1 Chemically altering membrane 29 
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In addition to the physical methods of inducing shape transformation, the membrane 1 

curvature can also be altered by changing the chemical structure of the membranes of the 2 

polymersomes post-assembly. Van Oers et al. reported the use of a chemical crosslinker in the 3 

formation of tubular polymersomes (Figure 5a). By adding the external crosslinker, the 4 

membrane makeup was altered leading to the formation of tubular polymersomes.45 Since then a 5 

number of different stimuli have been used to induce the transformation of polymer vesicle 6 

morphology.  7 

 8 

Figure 5. (a) Illustration of the external crosslinker-induced shape transformation of 9 

polymersomes from spherical to tubular morphologies. (Inset) Cryo-TEM image of tubular 10 

polymersomes after transformation. Reproduced with permission.45 Copyright 2013, American 11 

Chemical Society. (b) Shape transformation based of polymersomes using a UV-induced 12 

crosslinking and two different speeds of osmotic pressure change. (Insets) Cryo-TEM images of 13 

polymersomes before and after shape transformation. Reproduced with permission.46 Copyright 14 

2020, Royal Society of Chemistry. 15 

Li et al. recently reported a transformation based on the azobenzene.47 They used diblock 16 

copolymers consisting of PEG as the hydrophilic block and an methacrylic azobenzene-17 

containing hydrophobic block. By taking advantage of the liquid crystalline nature of the 18 

azobenzene, they could use the water content to tune the shape from spherical morphologies 19 

towards tadpole-shaped and tubular polymersomes. Moreover because of the light-20 

responsiveness of the azo groups, the cis-trans transitions led to a reversible formation of needle-21 

like tubular polymersomes. Recently, our group reported the shape transformation of glassy 22 

polymersomes from ABA triblock copolymers via a combination of osmotic pressure changes 23 

and crosslinking.46 Using polymersomes assembled from poly (ethylene glycol)-block-24 

poly(coumarin methacrylate)-stat-polystyrene-block-poly(ethylene glycol), we observed that 25 

when exposed to osmotic pressure changes via dialysis, these vesicles only showed a size 26 

decrease but maintained their spherical morphology (Figure 5b). On the other hand, when 27 

exposed to a PEG solution, the polymersomes showed immediate shape change, transforming 28 

into tubular and rod-like morphologies. More interestingly, we also observed that dialyzing the 29 

crosslinked vesicles led to hypotonic shock, behavior typically observed in soft polymer systems.  30 

3.3 Stabilization with local membrane defects 31 
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Cells and other membranes can retain their shapes even though they have lipid bilayer 1 

membranes because their bilayer membranes usually consist of membrane proteins, cholesterol 2 

and other local membrane defects that improve their stability. Taking a leaf from the nature of 3 

cellular membranes, Robertson et al. showed that they could form tubular polymersomes from 4 

the self-assembly of poly(2-(methacryloyloxy)ethylphosphorylcholine)-block-poly(2-5 

(diisopropylamino)ethyl methacrylate) (PMPC-b-PDPA) -based block copolymers through the 6 

use of cholesterol and phospholipids.30 These additives, which are known biocompatible 7 

membrane components were responsible for stabilizing the tubular polymersomes, acting as local 8 

defects and preventing their transition back into spherical polymersomes. This strategy also bears 9 

similarities with formation of tubular vesicles from the hybrid/mixtures of phospholipids and 10 

amphiphilic block copolymers. The non-ideal mixing between the polymer and lipids, coupled 11 

with the steric repulsion between the polymers, creates the spontaneous bilayer curvature that 12 

results in the formation of the tubular polymersomes. Lim et al. demonstrated the formation of 13 

these tubular vesicles from the co-assembly of PEG-PBD and the phospholipid 1-palmitoyl-2-14 

oleoyl-sn-glycero-3-phosphocholine (POPC).48 These hybrid assemblies were observed to retain 15 

their morphologies for over a week.  16 

5. Recent advances in applications of non-spherical polymersomes 17 

The unique, stable architectures that are being obtained from these non-spherical 18 

polymersomes are opening new potential applications beyond those typically reserved for these 19 

vesicles. One such application has been the development of nanomotors based on stomatocytes.49 20 

These nanomotors can use the traditional inner compartment as a cargo carrier and the secondary 21 

one to carry the nanoparticles propelling the stomatocytes. The early development of these 22 

nanomotors has been discussed here.50-52 One of the most exciting advances in this field was 23 

reported earlier this year by Mathesh and Wilson who designed a photosynthesis driven 24 

nanomotor.53 Previously, nanomotors had used non-biocompatible fuel sources such as 25 

H2O2/hydrazine and more recently, their motion could be powered by glucose.50 In their most 26 

recent attempt, Mathesh and Wilson were able to use thykaloid, a photosynthetic organelle 27 

containing the photosystem II which facilitates the water-splitting reaction to produce oxygen in 28 

the presence of light.53 They encapsulated the thykaloid nanoparticles in the secondary container 29 

of the stomatocytes (Figure 6). When irradiated with visible light, the nanomotors generated 30 

oxygen which was used as a propeller via bubble-propulsion mechanism. More interestingly, the 31 

light could also be used to direct motion of the nanomotors via phosphoresis, the phenomena 32 

where a low absorptivity particle starts migrates towards a light source due to refraction.  33 

In drug delivery and bioimaging, these non-spherical polymersomes continue to find 34 

increasing use.54 Guoevia et al. recently reported the use of tubular polymersomes based on 35 

PMPC-PDPA as a delivery method for the glucocorticoid drug, prednisolone disodium 36 

phosphate (PDP) which promotes inflammation shutdown.55 In addition to being the active drug, 37 

the PDP acted as a local membrane defect, leading to the formation of tubular polymersomes 38 

whose cellular internalization kinetics benefits were discussed earlier.30  39 
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 1 

Figure 6. (a) Illustration of the design and fabrication of the photosynthetic nanomotors. (b) 2 

Nanoparticle trace analysis showing the increase in nanoparticle speed with intensity of light. (c) 3 

The stomatocytes were observed to move toward the light source. Figure and caption adapted 4 

with permission.53 Copyright 2020, Wiley-VCH. 5 

7. Summary and outlook 6 

This mini-review has discussed some of the most-recent advances in gaining control of 7 

polymersome morphologies and highlighted how the growth of this area has significantly 8 

broadened the potential roles that polymersomes can play in our world. Shape-control will allow 9 

us to design more accurate organelle mimics on demand and complements other efforts that are 10 

drawing us closer towards achieving protocellullar systems that possess the same order of 11 

complexity of real cells.56,57  12 

Currently, most of the literature has focused on how these new morphologies can 13 

improve the efficiency and utility of polymersome systems that were already in use. More 14 

emphasis should now be put towards using these morphologies for specific applications where 15 

those characteristics are desirable. The development of non-spherical polymersome nanomotors 16 

is an example of one such direction. With an ever-expanding supply of stable tailorable 17 

morphologies, surely our imagination is slowly becoming the only limiting factor for directions 18 

ready to be explored.  19 
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